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Abstract 
A new flow control technique to improve the flow separation over flap by pulsed microblowing at the flow separated position 
is discussed in this paper. Firstly, the effect of various blowing parameters, including average blowing momentum and pulse 
frequency, are investigated in detail. Secondly, based on the comparison between the effects of continuous blowing and pulsed 
blowing, the mechanism of pulsed blowing flow control technique is also discussed. All of the tests have been conducted at 
low-speed wind tunnel with Reynolds number of 0.6×105-1.2×106 at flap deflection angle of įe=20° in Beijing University of 
Aeronautics and Astronautics. 
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Nomenclature 
C­ blowing momentum coefficient 
V velocity in the free-stream of (m/s) 
Re          Reynolds number 
Vj           average jet velocity from the blowing slot of (m/s) 
P0j            total blowing pressure inside the steady cavity of (Pa) 
Se            reference area of the control surface of (m2) 
Sj            area of the blowing slot of (m2) 
f              pulse frequency of(Hz) 
hj            width of the blowing slot of (mm) 
Cl            lift coefficient of the flap  
ȡ density of free stream of (kg/m3) 
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Į             attack angle of main wing of (e) 
Ge deflection angle of flap(e) 
1. Introduction  
Tailless configuration, such as the flying-wing, has attracted interesting of researchers or engineers all over the 
world for a long time[1,2]. For the traditional vertical and horizontal tail being unadopted, flying wing 
configuration can only be used in the transportation aircrafts which generally flight at low attack angle and there is 
no requirement for agility[3,4]. For example, the famous bomber B52 is a typical flying configuration, which is 
illustrated in Fig.1. However, if we want to develop advanced fighter of tailless configuration, like x-47B which 
can be shown in Fig.2, enhancing the aerodynamic performance of flaps being set behind the main wing becomes 
an important subject. Practically, serious flow separation will occur on these flaps when the flaps deflect at high 
deflection angle, viewed in Fig.3.Therefore, eliminating flow separation on the flaps in case of high deflection 
angle to avoid aerodynamic stall becomes the key point to make more excellent stability and maneuverability for 
the tailless aircraft. Some new techniques such as blown flap and jet flap have been invented in 1960s and 1970s 
in order to enhance the aerodynamic performance of control surface[5-9]. Although flow separation on the flaps 
can be improved extremely by these techniques and high lift gets, adoption of these techniques in engineering is 
limited due to the large expense of engine thrust or extra air supplying. In addition, even though some 
researchers[10,11] have also made a forward step in developing pulse jet technique to control flow separation over 
the wing etc., it is very difficult to be adopted in engineering due to lack of deep understanding in fundamental 
mechanism and parameter similarity. 
           
                                             Fig.1 Bomber B52                                                                                   Fig.2 x-47B in Flight             
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     Fig.3 Flow Separation on flap (¢=0e, V=70m/s, įe=35°) 
In this paper, an innovative flow control technique by pulsed microblowing at the flow separated position over 
the flap has been introduced to improve the flow separation over the flaps close to the wing trailing edge firstly. 
Furthermore, the effect of pulse frequency is also investigated in detail. All the results discussed in this paper are 
limited in the test under conditions of  0Ϩ attack angle of main wing and 20Ϩ deflection angle of flap. 
2. Experimental Facilities and Data Processing  
The tests are conducted in the D-4 low-speed wind tunnel of Beijing University of Aeronautics and 
Astronautics, which has a 1.5m×1.5m square test section and 2.5m in length. The velocity can be changed from 0-
80m/s with 0.08% turbulence level. The DTC initium electronic scanivalve is used to measure the pressure 
distribution with accuracy of 0.05% and the highest sampling frequency of 650Hz.  
Fig.4 gives out the sketch of the test model with wing aspect ratio of 1 and 0.6m in spanwise length. The airfoil 
model used is modified from NACA 0025 airfoil which is divided into two parts, including main wing and flap. In 
addition, tow plat boards are set on two ends of the wing separately to simulate the two dimension flow over the 
wing. The model is equipped with 44 pressure taps along the upper and lower surface of model at the longitudinal 
symmetric section showed in Fig. 4(a). A spanwise blowing slot is located close to the leading edge of the flap 
and selected based on the flow separation on the upper surface of flap. The compressed air from the slot flows 
downstream along the tangential direction of the upper surface. The pulsed blowing equipment can provide sine-
like wave with 67% duty cycle and the frequency can be adjusted from 0 to 100 Hz. The typical pulsed blowing 
wave is illustrated in Fig. 5. 
The equation of average blowing momentum coefficient Cȝ is given by the following equation. 
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(a)       
(b)  
Fig.4 The sketch of Model for (a) Test model and (b) Airfoil 
 
Fig.5 Time History of Pulsed Blowing Momentum Coefficient 
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Where Vj (m/s) is the average jet velocity from the blowing slot, P0j (Pa) is total blowing pressure inside the 
steady cavity. ȡ and V are the density and velocity of free stream separately, Se is the reference area of the 
control surface and Sj is the area of the blowing slot. 
3. Experimental Result and Discussion  
3.1. Effect of Pulsed Blowing on Flap Aerodynamic Characteristics 
The purpose of adopting pulsed blowing method is to suppress the flow separation over the flap while less 
requirement for blowing flux and air supplying is needed. Therefore the continuous blowing effect on flow 
separation can be used as benchmark to the pulsed blowing effect.  
 
Fig.6 Pulsed Blowing Effect on Flap Aerodynamic Characteristics and Comparing  with Continuous Blowing Effect(¢=0e,¥e=20Ϩ,VĞ
=20m/s, Re=0.8h106) 
Fig.6 gives out the pulsed blowing effect on lift coefficient of flap changing with pulse frequency under 
different averaged blowing momentum coefficient and comparation with that of continuous blowing under 
conditions of flap deflection¥e=20Ϩ,VĞ=20m/s , Re=0.8h106 . From it, we can found: 
x Under the continuous blowing, the lift efficiency of flap can be enhanced evidently and increases with the 
continuous blowing momentum increasing by comparing the lift data under three kinds of continuous blowing 
momentum coefficient,  namely 0.011,0.02 and 0.03.And that nearly 70% lift increment can be obtained when 
the continuous blowing momentum coefficient(Cȝ) is 0.03,which can be found by comparing the lift coefficient 
without blowing (solid line) and that with continuous blowing at Cȝ= 0.03(dot line).The corresponding pressure 
distribution over the flap under different continuous blowing momentum are shown in Fig.7. There exists 
serious flow separation on the upper surface of flap at blowing off, which can be illustrated by the PIV 
photograph in Fig.8(a). However, when the continuous blowing from the leading edge of flap is loaded, the 
flow separation over the flap can be improved, especially near the leading edge of the flap, which can be found 
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by comparing the pressure distribution among different blowing momentum. Fig.8(b) and (c) also give out the 
improved flow over the flap and flow reattachs onto the upper surface of flap completely when the blowing 
momentum is bigger than 0.02 or so. 
x When the pulsed blowing acts on the upper surface of flap, the lift efficiency can also be improved clearly. For 
example, the diamond line in Fig.6 shows the pulsed blowing effect of lift under different pulse frequency 
when the average blowing momentum is Cȝ= 0.011. To begin with, even though the average blowing 
momentum Cȝ on case of pulsed blowing on is the same as it of continuous blowing shown by center line in 
Fig.6, the pulsed blowing effect is less than that coming from continuous blowing when the pulse frequency is 
less than 10Hz.Whereas the pulsed blowing effect is bigger than that of continuous blowing when the pulse 
frequency is bigger than 10Hz. And that the biggest lift increment is got when pulse frequency is around 
f=40Hz, in which the lift increment at pulsed blowing is twice bigger than that of continuous blowing. The 
similar conclusions can also be drawn from the comparation among effect changing with pulse frequency under 
different average blowing momentum, such as Cȝ= 0.02 and Cȝ= 0.03 which are denoted by rectangle and 
triangle line separatedly in Fig.6. In another word, the blowing air consumption under pulsed blowing is less 
that of continuous blowing when the similar effect is needed and nearly 30%-40% blowing air can be saved 
when the pulsed blowing method is adopted at the same effect. Therefore, pulsed blowing is an advanced 
control technique can be used to improve the flow separation over flap. 
 
Fig.7 Continuous Blowing Effect on Pressure Distribution over Flap (¢=0e,¥e=20Ϩ,VĞ=20m/s, Re=0.8h106) 
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(a) (b)
 
(c)  
Fig.8 Continuous Blowing Effect on Flow Structure over Flap (¢=0e,¥e=20Ϩ,VĞ=20m/s, Re=0.8h106) for (a) Cȝ=0 and (b) Cȝ=0.013 and 
(c) Cȝ=0.02 
3.2. Pulse Frequency Effect on Flow Separation over Flap 
In order to reduce the blowing flux, an innovative flow control technique, named pulse blowing technique, has 
been introduced as above discussion. The diamond line in Fig.6 illustrates the separation-improved efficiency 
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comparation between the pulse and continuous blowing method under the conditions of Į=0°,V=20m/s, 
Re=0.8×106 and average blowing momentum Cȝ=0.011, in which the lift force improvement of the flap under 
continuous and pulsed blowing is given when the deflection angle of flap is set at 20°. It shows that the pulsed 
blowing efficiency increases quickly with the increasing of pulsed blowing frequency firstly and keep constant 
gradually when the frequency of pulsed blowing bigger than 60Hz. 
Fig.9 shows the flow structure and pressure distribution over the flap without blowing under įe=20°, Re=6×105. 
It can be found that serious flow separation has occurred from the leading edge of flap. Even though continuous 
blowing technique is adopted, when the blowing momentum is small, such as Cȝ=0.011, the flow separation can’t 
be suppressed completely, which is illustrated in Fig.10. From the pressure distribution on the upper 
surface(Fig.10(a)), slight separation-improved close to leading edge of flap can be found and serious flow 
separation exist near the trailing edge of flap. Therefore only 37% lift increment can be obtained through the 
continuous blowing at Cȝ=0.011. But from Fig.6 and the above discussion, we know that the lift increment at 
pulsed blowing is twice bigger than that of continuous blowing at the same average blowing momentum Cȝ=0.011. 
Why is this? 
(a)ġġġ  
(b)  
Fig.9 Flow over the Flap without Blowing (¢=0e, įe=20°, Re=8×105) for (a) Pressure on the Flap and (b) Flow Structure (PIV) 
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(a)ġġġġ  
(b)  
Fig.10 Flow over the Flap with Continuous Blowing (¢=0e, įe=20°, Re=8×105,Cȝ=0.011) for (a) Pressure on the Flap and (b) Flow 
Structure (PIV) 
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Flow Structure (PIV) 
˄b˅t=0.4T 
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Flow Structure (PIV) 
˄d˅t=0.8T 
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Fig.11 Flow Structure Evolution During one Cycle T at f=40Hz (įe=20º,V=20m/s, Re=0.8×106 ,Cȝ=0.011) 
Fig.11 shows the flow structure evolution during one cycle at f=40Hz under conditions of ¥e=20Ϩ,Re=0.8h
106  and averaged blowing momentum Cȝ=0.011, in which the Cȝ~t and Cl~t curves show the history of pulsed 
blowing momentum and lift coefficient separatedly during one blowing cycle and the bigger circluar dot denotes 
the time that the pressure distribution and PIV photograph are sampled simultaneously. We can find that: 
x During the whole blowing cycle from the beginning of one blowing cycle in Fig.11(a) to the end of one cycle 
in Fig.11(e),flow reattches onto the upper surface of flap comparing with that without blowing in Fig.9. 
x When the instantaneous blowing momentum is the biggest in the middle of blowing cycle,shown in Fig.11(c) at 
time 0.5T, a concentrated vortex occurs on the upper surface close to the trailing edge of flap and this causes a 
bigger suction to the upper surface and a bigger pressure-suction peak can be found in the pressure distribution. 
At the same time, the biggest lift is obtained which is illustrated in Cl~t curve. 
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Flow Structure (PIV) 
˄b˅t=0.3T  
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Fig.12 Flow Structure Evolution During one Cycle T at f=80Hz (įe=20º,V=20m/s, Re=0.8×106 ,Cȝ=0.011) 
x With the increasing of frequency of pulsed blowing,the lift increment increases gradually and there is a critical 
frequency flim. If the frequency of blowing pulse is bigger than it, the lift increment will keep constant which 
can be found in Fig.6. Fig.12 gives out the flow structure evolution during one cycle at f=80Hz under 
conditions of ¥e=20Ϩ,Re=0.8h106  and averaged blowing momentum Cȝ=0.011. From Fig.11 and Fig.12, we 
can find that there is little difference in flow structure and pressure distribution between these two pulse 
frequency. However, the Standard Deviation (STDEV) of flap lift changing with time during one pusle cycle 
decreases with the increasing of pulse blowing,which is shown in Fig.13. It is also found that when the 
freestream velocity is 20m/s, the STDEV of lift will keep constant as long as the blowing pulse frequency is 
bigger than 40Hz. 
x In addition, we can also find that this critical frequency of blowing pulse changes with the averaged blowing 
momentum and decreases with the increasing of averaged blowing momentum.This may mean that the 
averaged blowing momentum Cȝ and blowing frequency f is the two key parameters influencing the separation 
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–improved efficiency for this flow control technique by pulsed blowing. But what kind of relationship between 
these two parameters and how to influence the control efficiency need to be investigated in detail. 
 
Fig.13 Standard Deviation of Cl ~t Changing with Blowing Pulse Frequency (Į=0°, įe=20º,V=20m/s,Re=0.8×106) 
4. Conclusions  
Based on the above analyses, several conclusions can be drawn as following: 
x  An innovative flow control technique, named pulse blowing technique, has been introduced. The flow 
separation can be improved by pulsed blowing evidently and the flow over the flap keep reattach onto the flap 
surface during the whole pulsed blowing period. 
x With the increasing of frequency of pulsed blowing, the lift increment increases gradually and there is a critical 
frequency flim. If the frequency of blowing pulse is bigger than it, the lift increment will keep constant. In 
addition, this critical frequency of blowing pulse decreases with the increasing of averaged blowing momentum. 
x The pulsed blowing effect is bigger than that of continuous blowing when the pulse frequency is bigger than 
the critical frequency flim. In this test, the biggest lift increment is got when pulse frequency is around f=40Hz, 
in which the lift increment at pulsed blowing is twice bigger than that of continuous blowing under the same 
blowing momentum Cȝ=0.011 and VĞ=20m/s. In another word, the blowing air consumption under pulsed 
blowing is less that of continuous blowing when the similar effect is needed and nearly 30%-40% blowing air 
can be saved when the pulsed blowing method is adopted at the same effect. Therefore, pulsed blowing is an 
advanced control technique can be used to improve the flow separation over flap. 
x The standard deviation of lift during one pulse cycle will keep constant as long as the blowing pulse frequency 
is bigger than 40Hz. 
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